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Abstract 
There is strong motivation for the development detection systems that can provide continuous analysis of 
fluids in medical tubing used to either deliver or remove fluids from a patient’s body.  Possible 
applications include systems that increase the safety of intravenous (IV) drug injection and point-of-care 
health monitoring during urinary catheterization.  This talk will describe recent efforts in our group to 
develop nanostructured surfaces capable of performing Surface Enhanced Raman Spectroscopy (SERS) 
with high electromagnetic enhancement factors, while utilizing fabrication processes that enable SERS 
surfaces to be fabricated inexpensively on flexible plastic substrates over large areas.   In particular, 
Glancing Angle Deposition (GLAD) has been used to provide densely packed arrays of dielectric-metal 
“post-cap” structures with 10-20 nm gaps between adjacent metal nanoparticles.  We have also developed 
nanoreplica molding approaches for producing arrays of silver “nanodomes” with <10 nm gaps between 
domes.  These two approaches are significant because they each provide a high density of 
electromagnetic “hot spots” for delivering strong SERS signals, while not requiring expensive, low 
throughput lithography processes to produce nanometer-scale surface features.  The talk will describe the 
design, electromagnetic computer modeling, fabrication, and efforts to incorporate plastic-based SERS 
surfaces in-line with biomedical tubing.  Using a custom-built detection instrument designed to excite 
SERS on the inner surface of the system, Raman spectra are gathered for typical IV-delivered pain 
medications and urinary metabolites, and kinetic measurements are used to track their concentrations 
within their clinically relevant concentration ranges. Distinct SERS peaks for each analyte are used to 
demonstrate co-detection of the analytes. 
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1. SERS “post-cap” nanostructures using glancing angle deposition 
Surface Enhanced Raman Spectroscopy (SERS) is a powerful method for increasing the cross section of 
Raman scattering, allowing for sensitive and selective detection of low concentration chemical and 
biological analytes. SERS amplification derives mainly from the electromagnetic interaction of light with 
metals, which produces large enhancement of the electromagnetic fields from a laser illumination source 
by exciting localized surface plasmon resonance (LSPR) of nanoscale metal features[1] Due to the ability 
of metal nanoparticles to concentrate electromagnetic fields within several nanometers of their surface, 
electrons associated with the high field region experience intense oscillation, resulting in generation of an 
elevated rate of Raman scattering events. SERS structures of this variety have included structures 
intentionally fabricated to include nanometer-scale points and tips for focusing electromagnetic energy 
into sub-diffraction limited volumes[2],. Recently, several promising approaches for generating even 
greater SERS enhancements have taken advantage of the large electromagnetic fields that can be 
generated between adjacent metal regions separated by a dielectric gap (typically air) of 5-20 nm. The 
resulting electromagnetic “hot spots” have demonstrated peak SERS enhancement factors (EFs) as high 
as 108-1011 [[3],[4],[5],[6]] . Recent reports have shown that an peak EF of 107-108 is sufficient for SERS 
detection of individual molecules[7],[8]. However, while a high EF is obtained within the hot spot, the 
area density of hot spots may result in only a small fraction of t he total surface area of a SERS substrate 
that is active. Experimentally measured ensemble-averaged SERS enhancements of 105-107 despite the 
presence of hot spots with substantially higher EF[5],.  
 
 
Figure 1 a) Schematic illustration (not to scale) of the cross section of the SiO2–Ag “post-cap” nanostructures on 
silver thin film image of Metal-SERS substrate. (d) Zoomed-in top-view SEM image. 
 
 
A limitation that is preventing widespread adoption of the majority of SERS approaches is their 
fabrication by muti-step microfabrication processes and/or low throughput and costly patterning 
approaches such as electron beam lithography (EBL) or focused ion beam milling that are currently 
required to precisely define the nanostructure’s size and shape[4],[5],[6]. For SERS to find widespread 
applications in routine chemical analysis, manufacturing process control, point-of-care diagnostics, and 
pharmaceutical research, the SERS device structure must be inexpensively manufacturable over large 
surface areas while providing a robust area-averaged enhancement factor. The glancing angle deposition 
(GLAD) technique has been demonstrated to be a simple, highly reproducible, and inexpensive method 
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for fabrication of metallic nanostructures with high SERS enhancement factor due to its ability to produce 
randomly distributed nanoparticles with small gap size[9]. In this work, we use the GLAD technique to 
fabricate a high density coating of free-standing Ag nanoparticles that are supported vertically by SiO2 
dielectric post spacers over a silver-coated glass surface. Numerical simulations of the post-cap structure 
morphology are used to visualize the locations and overall density of hot spots under illumination by 
different excitation polarizations. Strong polarization dependence of SERS enhancement is demonstrated 
from both numerical simulation and measured SERS spectra. By altering the SiO2 post spacer height, 
optimization of the interaction between the Ag nanoparticles and the underlying silver film can be 
achieved to maximize the local electric-field intensity and increase density of hot spots, leading to a 
maximum SERS EF of 2.4x109  within the hot spot region and a spatially averaged EF of 2.6x106. 
Fig. 1(a) schematically illustrates a cross section of the SERS substrate comprised of SiO2–Ag “post-
cap” nanostructures with an underlying continuous silver film (Metal-SERS). To fabricate the Ag film, 
clean glass slide surfaces were precoated with a 200 nm silver thin film in an electron-beam evaporation 
system (Temescal). The GLAD technique was used to sequentially form both SiO2 “post” and Ag “cap” 
nanostructures over large silver-coated surfaces in a single deposition run. For the GLAD process, the 
slides were first attached to a circular plate equipped with a programmable rotation motor in the electron-
beam evaporation system (Temescal) with a deposition rate of 5 Å/s for both materials. The angle 
between substrate surface and the incoming flux of evaporated material was set to be 5° for self-
shadowing and limited surface diffusion. The plate was alternately rotated between 0° and 180° about its 
normal axis at 10 sec intervals until an in-situ quartz crystal deposition monitor showed that the target 
SiO2 post thickness had been reached. Next, the deposition source was switched to a silver crucible, and 
the same deposition process was performed for creating 30 nm Ag caps to complete the device. For 
comparison, the identical SiO2–Ag “post-cap” nanostructures were also deposited onto an ordinary glass 
substrate without a silver film coating (Glass-SERS). Fig. 1(b) shows a cross-sectional scanning electron 
microscopy (SEM) image of SiO2–Ag “post-cap” nanostructures with 20-nm-tall SiO2 dielectric posts and 
free-standing Ag metallic caps with a height of 30 nm, fabricated upon a silicon substrate to facilitate 
imaging. Fig. 1(c) presents the top-view SEM image of the fabricated Metal-SERS substrate showing a 
high density coating of electrically isolated Ag caps. A zoomed-in top-view SEM image shown in Fig. 
1(d) indicates that the gap size between particles ranges from 5 to 20 nm. 
2. SERS nanodomes fabricated by nanoreplica molding 
We have demonstrated a surface-enhanced Raman scattering (SERS) substrate consisting of a closely 
spaced metal nanodome array fabricated on flexible plastic film. We used a low cost, large area replica 
molding process to produce a 2-dimensional periodic array of cylinders that is subsequently overcoated 
with SiO2 and silver thin films to form dome-shaped structures.  Finite element modeling was used to 
investigate the electromagnetic field distribution of the nanodome array structure and the effect of the 
nanodome separation distance on the electromagnetic field enhancement.  The SERS enhancement from 
the nanodome array substrates was experimentally verified using rhodamine 6G as the analyte.  With a 
separation distance of 17 nm achieved between adjacent domes using a process that is precisely controlled 
during thin film deposition, a reproducible SERS enhancement factor of 1.37108 was demonstrated.  The 
nanoreplica molding process presented in this work allows for simple, low cost, high-throughput 
fabrication of uniform nanoscale SERS substrates  over large surface areas without the requirement for 
high resolution lithography or defect-free deposition of spherical microparticle monolayer templates. 
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In order to investigate the real-time detection capability of the nanodome sensor, SERS measurement 
was made with 50 mg/mL promethazine solution and DI water alternately pumped through the tubing at 
60 sec. intervals.  Measurement  was taken every 5 sec. which was same as the integration time for the 
CCD in the spectrometer.  Fig. 3 shows the kinetic plot of Raman intensity measured at 1030 cm-1 as a 
function of time.  The results indicate that real-time monitoring of solution flowing through tubing can be 
achieved for the nanodome sensors.  Delay in sensor response can be observed due to analyte molecules 
diffusing across a stagnant flow layer that forms near the surface of the nanodome sensor as solutions are 
pumped through the flow cell. The standard deviation () of the Raman signal measured at 1030 cm-1 was 
3.51.  Based on the linear dose response curve (inset of Fig. 2) and setting sensor readout resolution as 
three standard deviations (3), the limit of detection for nanodome sensors on promethazine was 2.32 
mg/mL.  The results suggest that nanodome sensor tubing system is capable of identifying promethazine 
compounds and detecting concentrations that are clinically relevant.  The system could be used detect and 
prevent hazard associated with IV-delivered promethazine over the maximum allowed concentration of 
25 mg/mL. 
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Figure 2. Schematic of the biochemical sensor tubing where nanodome sensor structure is incorporated as the bottom 
surface of the flow cell. (b): SEM image of the nanodome surface. (c): 3D FEM simulation of the electric field 
distribution (normalized amplitude of the electric field with respect to the incident electric field amplitude) displaying 
regions of enhanced field between adjacent nanodomes.   
